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ABSTRACT
COMPUTATIONAL STUDY OF EXCITONS AND
BIEXCITONS IN SEMICONDUCTOR CORE/SHELL
NANOCRYSTALS OF TYPE I AND TYPE II
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M.S. in Physics
Supervisor: Assoc. Prof. Hilmi Volkan Demir
July, 2013
In this thesis, we studied electronic structure and optical properties of Type-I,
Type-II, and quasi Type-II semiconductor nanocrystals (also known as colloidal
quantum dots). For a parametric study, we developed quantum mechanical mod-
els and solved them using both analytical and numerical techniques. The simula-
tion results were compared to the experimental findings. We showed that charge
carrier localization at di↵erent spatial locations could be tuned by controlling size
parameters of the core and shell.
While tuning charge localization, we also predicted photoluminescence peaks
of these core/shell nanocrystals using our theoretical and numerical calculations.
We demonstrated that Type-II nanocrystals exhibit di↵erent tuning trends com-
pared to the Type-I ones.
We also investigated biexcitonic properties of nanocrystals using quantum
mechanical simulations, which are important especially in lasing applications.
We showed that two-photon absorption mechanism can be tuned by changing
the core and shell size in quantum dots. We calculated at which core and shell
sizes biexcitons in quantum dots show attractive or repulsive interaction. The
computational studies presented in this thesis played an important role in the
experimental demonstrations and understanding of controlling excitonic features
of core/shell nanocrystals.
Keywords: Nanocrystals, quantum dots, two photon absorption, exciton, biexci-
ton, amplified spontaneous emission.
iii
O¨ZET
YARI I˙LETKEN TI˙P I VE TI˙P II C¸EKIRDEK/KABUK
NANOKRI˙STALLERDEKI˙ EKSI˙TON VE
BI˙EKSI˙TONLARIN HESAPLAMALI I˙NCELEMESI˙
Ozan Yerli
Fizik, Yu¨ksek Lisans
Tez Yo¨neticisi: Doc¸. Dr. Hilmi Volkan Demir
Temmuz 2013
Bu tezde, Tip-I, Tip-II ve Tip-II benzeri kuantum nokta nanokristallerin elek-
tronik ve optik o¨zelliklerini inceledik. Parametrik bir c¸alıs¸ma ic¸in kuan-
tum mekaniksel modeller gelis¸tirildi, analitik ve numerik teknikler kullanılarak
c¸o¨zu¨ldu¨. Simulasyon sonuc¸ları deneysel sonuc¸larla kars¸ılas¸tırıldı. Yu¨k
tas¸ıyıcıların farklı bo¨lgelerdeki lokalizasyonunun c¸ekirdek ve kabuk yapılarının
boyutlarını deg˘is¸tirerek ayarlanabileceg˘i go¨sterildi.
Yu¨k lokalizasyonunun ayarlanmasının yanında, c¸ekirdek/kabuk nanokristal-
lerinin ıs¸ıma tepe noktaları teorik ve numerik hesaplarla o¨ngo¨ru¨ldu¨. Ayrıca Tip-II
nanokristallerin Tip-I nanokristallere go¨re farklı ayar eg˘ilimlerine sahip oldukları
go¨sterildi.
Kuantum mekaniksel simulasyonları kullanarak nanokristallerin o¨zellikle lazer
uygulamalarında oldukc¸a o¨nemli olan bieksitonik o¨zellikleri incelendi. I˙ki fo-
ton sog˘urma mekanizmasının kuantum noktaların c¸ekirdek ve kabuk boyutlarıyla
ayarlanabileceg˘ini go¨sterdik. Hangi c¸ekirdek ve kabuk boyutlarında bieksiton-
ların c¸ekici veya itici etkiles¸im go¨sterdiklerini hesapladık. Bu tezde sunulan
hesaplamalı aras¸tırmalar c¸ekirdek/kabuk nanokristallerin eksitonik o¨zelliklerinin
kontrolu¨nu¨n anlas¸ılmasında ve deneysel olarak go¨sterilmesinde o¨nemli bir rol oy-
namıs¸tır.
Anahtar so¨zcu¨kler : Nanokristaller, kuantum noktaları, iki foton sog˘urması, eksi-
ton, bieksiton, artırılmıs¸ kendilig˘inden ıs¸ıma.
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Chapter 1
INTRODUCTION
Semiconductor nanocrystals, or colloidal quantum dots, find many important
applications including photovoltaics, lasers, and light-emitting diodes. They are
subject of particular interest due to size dependence of their optical properties
arising from quantum confinement e↵ects. This size dependence enables us to
tune the optoelectronic properties of nanocrystals [1].
The materials used in nanocrystal heterostructures give rise to di↵erent spatial
localization configurations for the electrons and holes in the semiconductor. If
the bandgap of one material lies within the bandgap of the other material, the
electrons and holes will be found at the same spatial location. This type of band
alignment is called Type-I. If both of the bandgaps of the materials have non-
overlapping energies, the electrons and holes will localize at the di↵erent spatial
positions. This type of band alignment is called Type-II, which can be seen in
Figure 1.2.
1
Figure 1.1: Nanocrystals of di↵erent sizes illuminated with ultraviolet light after
[2].
In the Type-II band alignment we can control confinement locations of the
charge carriers, which change their wavefunction overlap. We can localize one
charge carrier into the core while the other carrier is delocalized over both core and
shell. This opens up new possibilities for the usage of nanocrystals including low
threshold lasers, fast optical switches, quantum information processors, infrared
detectors, and fast access memories [3]. Since these devices require an accurate
control on the optoelectronic properties, Type-II nanocrystals may o↵er flexibility.
Type-II nanocrystals also have increased emission lifetimes [3].
It is shown that characteristics of Type-I nanocrystals can be obtained from
theoretical and numerical calculations with a high degree of accuracy [1]. In
order to understand optoelectronic properties of nanocrystals, understanding ex-
citonic behaviour is crucial. Various simulation methods and techniques have
been developed to investigate excitons in nanocrystals [4] [5] [6] [7] [8] [9].
In this study, we will analytically understand properties of the Type-II het-
erostructures and use these to deduce photoluminescence peak of the nanocrys-
tals. We will also examine the parameter dependence of the wavefunction localiza-
tions and overlap of the electron/hole wavefunctions using numerical techniques.
2
Figure 1.2: Band structure of the CdTe/CdSe core-shell Type-II nanocrystal.
This will allow us to optimize wavefunctions for the desired optoelectronic prop-
erties.
Nanocrystals are also suitable for optical gain and lasing applications. Two-
photon absorption mechanism has also been shown as a promising method for
excitation of optical gain media. In this thesis, using quantum mechanical sim-
ulations we show that the single material system of CdSe/CdS can be tuned to
give blue or red-shifting behaviour of amplified spontaneous emission (ASE) in
two-photon absorption mechanism. This is due to the exciton-exciton interac-
tions becoming either attractive or repulsive by tuning the core and shell size.
Here using quantum mechanical simulation techniques biexcitonic properties of
nanocrystals are investigated.
The organization of the thesis is as follows. In the second chapter we introduce
the basics of nanocrystal optoelectronics. We give brief background information
on how to model nanocrystals theoretically and their optical properties. In the
third chapter we introduce simulation techniques used for solving quantum me-
chanical problems. E↵ective mass approximation and self-consistent solution of
3
multi-particle Schrodinger equations, which are the techniques we used for exci-
ton and biexciton calculations in nanocrystals are explained in this chapter. In
the fourth chapter multigrid technique is explained. We used multigrid technique
to solve Poisson equation arising from Kohn-Sham equations. In the fifth chapter
we present our research work on excitonic and biexcitonic properties of nanocrys-
tals. Experimental and simulation results are given in this chapter. In the last
chapter, we conclude by providing a summary of our findings and a comparative
description of exciton and biexciton properties in di↵erent kinds of nanocrystals.
4
Chapter 2
NANOCRYSTAL
OPTOELECTRONICS
2.1 Introduction
Nanocrystal quantum dots are nanometer-sized, nearly spherical crystal struc-
tures. Since the size of a nanocrystal is comparable with the Bohr radius of
excitons in the nanocrystal, the nanocrystal size can a↵ect many properties of
the excitons. Using various synthesis techniques the size of nanocrystals can be
controlled. This allows us to tune excitonic properties of the nanocrystals very
precisely. Due to their tunability, nanocrystal quantum dots are suitable for
light-emitting diodes [10], [11], [12] and for lasing applications [13].
Beside tunability of their optoelectronic properties by controlling their size,
it is also possible to engineer their shape (spherical, nanorod [14], and tetrapod
[15]). Di↵erent shapes also allow for new possibilities for engineering distinct
optoelectronic properties.
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2.2 Theoretical Model
A spherically symmetric nanocrystal model is used as the theoretical model for
the colloidal quantum dots here. As we investigate s-states (l=0 and m=0), the
energy level only depends on the radial part of wavefunction, R(r). For s-states,
radial part of the Schrodinger equation is:
⇢
  1
2m⇤r2
d
dr
✓
r2
d
dr
◆
+ V (r)
 
R(r) = ER(r) (2.1)
By making u(r) = rR(r) transformation, we can convert the problem into an
one-dimensional square potential problem. After the transformation the radial
Schrodinger equation becomes:
[  1
2m⇤
@2
@r2
+ V (r)]u(r) = Eu(r) (2.2)
Here we assume the core has radius of d1, and the shell has thickness of
(d2   d1). If we impose boundary conditions at the interface (r = d1), from the
continuity of the wavefunction, we obtain the condition:
uI(d1) = uII(d1) (2.3)
From the continuity of the probability currents, we get the condition [16]:
1
m1
@uI
@r
    
d1
=
1
m2
@uII
@r
    
d1
(2.4)
In Equations 2.3 and 2.4, uI and uII are the wavefunctions in the regions
0 < r < d1 and d1 < r < d2, respectively. In Equation 2.4, the m1 and m2 are the
e↵ective masses of the charge carriers in di↵erent semiconductors. These material
parameters are taken from Table I of the reference [17].
Note that, in Equation 2.4 the first order derivatives of the wavefunction are
not continuous because of the e↵ective mass mismatch across the two materials.
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The discontinuity of the first order derivatives in di↵erent materials are propor-
tional to the ratio of the e↵ective masses in these di↵erent materials. This is
known as the BenDaniel-Duke boundary conditions [16].
Applying these boundary conditions, we obtain the following matrix, which
should have zero determinant in order to have non-trivial solutions:
A =
"
 e d1k1 + ed1k1  sin(d1k1) + cos(d1k2)tan(d2k2)
k1
m1
(e d1k1 + ed1k1)   k2m2 [cos(d1k2) + sin(d1k2)tan(d2k2)]
#
(2.5)
We calculated the determinant of the matrix analytically and using Mathe-
matica found the solutions for the equation:
detA = 0 (2.6)
We calculated maximum photoluminescence (PL) should occur at 802.4 nm
wavelength for a CdTe/CdSe nanocrystal heterostructure with d1 = 32A˚ and d2 =
43A˚. These values are lower than the photoluminescence peak of the experimental
result in Figure 2 of the reference [18]. Since we assumed an infinite barrier at
the ligand interface, we increase the quantum confinement e↵ect, which leads to
higher energy elevels. That is the reason why we obtain blue-shifted results for
the PL peak compared to the experimental results.
In order to obtain more accurate results for the PL peak calculations, we need
to assign a finite potential value to the ligand interface of the heterostructure. In
order to solve this problem analytically we need to increase the dimension of the
matrix in Equation 2.5. Also, we intend to investigate multi-particle quantum
dot systems, which is not possible with the pure analytical model. To address
these problems we used numerical techniques that are more e cient than the
analytical approach.
2.3 Optical Properties
Since nanocrystals have size comparable to the excitonic Bohr radius, their op-
tical properies are di↵ent from the bulk materials. Their optical properties can
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be controlled by changing their size. This gives tunability to the emission and
absorption spectra of nanocrystals.
There is a shift between the absorption and emission peaks of nanocrystals.
Since this shift suppresses reabsorption, it increases luminiscence. In order to
further enhance luminiscence, core/shell quantum structures are used. The shell
structure passivates the surface and decreases the nonradiative recombination.
Quantum dots are also a good candidate for a gain medium due to their
relatively low optical gain thresholds, temperature stability, and narrow emission
bandwidth [19]. Using various photonic structures, quantum dot lasers using
optical pumping have been developed [20] [21] [22] [23]. However, in these studies
single-photon absorption mechanism has been used for optical pumping. As an
alternative to single-photon absorption, two-photon absorption (TPA) mechanism
can be used. TPA has an advantage of reducing the risk of photo-damaging [24]
[25] [26] [27].
As a result of TPA mechanism, two excitons are created. Since two exci-
tons are created, the resulting amplified spontaneous emission due to decay of
these excitons are related to the biexciton binding energy. Hence, it is important
to investigate biexciton energy using simulations in order to create structures
optimized for TPA.
2.4 Classification of Nanocrystals
2.4.1 Type-I
In Type-I nanocrystals, the minimum energy region of electrons and holes coin-
cide. This causes electrons and holes localize very closely at the same location.
A sample potential diagram for a Type-I nanocrystal can be seen in figure 2.1
8
2.4.2 Type-II
In Type-II nanocrystals, the minimum energy region of electrons is di↵erent from
the minimum energy region of holes. For this reason, electrons and holes localize
in di↵erent spatial regions. A sample potential diagram for a Type-II nanocrystal
can be seen in Figure 2.2.
Type-II nanocrystals have increased optical gain lifetime compared to Type-I
nanocrystals because in Type-II nanocrystals Auger recombination is suppressed
due to electrons and holes being seperated in di↵erent regions [29], [30].
9
Figure 2.1: Schematic and potential diagram of a Type-I nanocrystal (CdSe /
ZnS) after [28].
Figure 2.2: Schematic and potential diagram of a Type-II nanocrystal (CdTe /
CdSe) after [28].
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Chapter 3
QUANTUM MECHANICAL
SIMULATIONS
3.1 Introduction
Embedded semiconductor quantum dots have been investigated by Laheld and
co-workers theoretically [31]. They used e↵ective-mass approximation and finite-
band o↵set between two materials. An average dielectric constant is assumed
between both materials. They showed Type-I, Type-II and quasi Type-II prop-
erties theoretically.
Colloidal core/shell quantum dots have been investigated using similar tech-
niques [32] [33] [34] [35]. The main di↵erence comes from the fact that the outer-
most semiconductor is not infinite, it has a finite thickness. This causes electrons
and holes to localize in the shell structure. Klimov and co-workers have used
e↵ective mass approximation and perturbation theory, which includes interface
polarization e↵ects to investigate colloidal quantum dots [35]. Colloidal quantum
dots have also been modeled using k.p method, tight-binding, and pseudopoten-
tial methods [36] [32].
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3.2 Atomic Unit System
In order to make simulations simpler we used the atomic unit system in our
calculations. In the atomic unit system h¯ = me = e = 1, where me is the mass of
the electron and  e is the charge of the electron [37].
Lengths are expressed in the units of classical Bohr radius which is a0 =
9.5292A˚.
One atomic unit of energy is 27.2116 eV, which is used to convert calculated
energies to eV.
3.3 E↵ective Mass Approximation
Group velocity of a free electron wave packet is given by:
v =
dw
dk
(3.1)
We also have the relation between the frequency and the energy:
w =
E
h¯
(3.2)
Hence, the group velocity can be expressed as:
v =
1
h¯
dE
dk
(3.3)
Since the momentum of electron is h¯k, if we take its derivative, we can write
it in the form of Newton’s second law:
dp
dt
= h¯
dk
dt
= m⇤
dv
dt
(3.4)
In Equation 3.4, m⇤ is called the e↵ective mass. If we use the expression for
the group velocity given in Equation 3.3, we obtain the relation:
h¯
dk
dt
= m⇤
1
h¯
d2E
dk2
dk
dt
(3.5)
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dk
dt cancels from both sides and we finally arrive at:
1
m⇤
=
1
h¯2
d2E
dk2
(3.6)
Equation 3.6 gives the definition of the e↵ective mass [38]. It shows that
in crystalline solids we can calculate e↵ective mass from the dispersion relation.
Once we obtain the e↵ective mass we can reduce the problem into a free electron
problem. The electron moves in the solid as if it was a free electron with the mass
m⇤.
3.4 Single Particle Simulations
In our computational study we first made the transformation u(r) = rR(r) in
order to convert the problem into an one-dimensional Schrodinger equation prob-
lem. After that transformation and using the atomic units, we need to solve the
equation:
[  1
2m⇤
@2
@r2
+ V (r)]u(r) = Eu(r) (3.7)
In Equation 3.7, m⇤ is the ratio of the e↵ective mass of the particle to the free
electron mass.
In order to solve this one-dimensional system numerically, we need to discretise
radial space, Hamiltonian operator, and wavefunction [39]. We used h = 0.01 as
our discretization parameter and meshed the space into equally separated discrete
parts, which are hA˚ apart.
We can write the second order derivative operator as a finite di↵erence:
f 00(x) =
f(x+ h)  2f(x) + f(x  h)
h2
(3.8)
Assume we try to solve the following eigenvalue equation:
@2
@x2
f(x) = Ef(x) (3.9)
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For each point in our discretized space, we can write the Equation 3.8. Hence
we obtain the following set of equations (assuming the boundary conditions,
f(x0   h) = 0 and f(xn + h) = 0):8>>>>>>>>>><>>>>>>>>>>:
1
h2 [ 2f(x0) + f(x0 + h)] = Ef(x0)
1
h2 [f(x1   h)  2f(x1) + f(x1 + h)] = Ef(x1)
1
h2 [f(x2   h)  2f(x2) + f(x2 + h)] = Ef(x2)
...
1
h2 [f(x2   h)  2f(x2)] = Ef(xn)
(3.10)
We can write these set of equations as a matrix equation:
1
h2
266666664
 2 1 0 · · · 0
1  2 1 · · · 0
0 1  2 1 · · ·
...
. . . . . . . . . . . .
0 0 · · · 1  2
377777775
266666664
f(x0)
f(x1)
f(x2)
· · ·
f(xn)
377777775 = E
266666664
f(x0)
f(x1)
f(x2)
· · ·
f(xn)
377777775 (3.11)
If we solve the matrix equation in Equation 3.11, we obtain values of the
eigenfunction f(x) at our discretized space points (x0, x1, x2, ..., xn).
For n space points, the matrix in Equation 3.11 becomes an n-by-n tridiagonal
matrix.
Hence, the Hamiltonian operator can be written as a matrix. For example,
for three space points, the Hamiltonian operator can be expressed as:
H =   1
2h2
2664 2/m
⇤
1 1/m
⇤
2 0
1/m⇤1  2/m⇤2 1/m⇤3
0 1/m⇤2  2/m⇤3
3775+
2664V1 0 00 V2 0
0 0 V3
3775 (3.12)
In Equation 3.12, m⇤1, m
⇤
2, and m
⇤
3 are the e↵ective masses of the particle
and V1, V2, and V3 are the potential energies in the space points 1, 2, and 3,
respectively.
14
By writing the Hamiltonian of the system using finite di↵erence method and
finding its eigenvectors using computational techniques, we can obtain energies
and wavefunctions of single particles.
3.5 Multi-Particle Simulations
For a multi-particle system, we can write the following set of Schrodinger equa-
tions [40]: ✓
  h¯
2
2m⇤
r2 + Veff (~r)
◆
 i(~r) = ✏i i(~r) (3.13)
where h¯ is the reduced Planck constant, m⇤ is the e↵ective electron (or hole)
mass, Veff is the e↵ective potential,  i is the wavefunction of the ith electron (or
hole), ✏i is the energy of the ith electron (or hole).
Here we use e↵ective mass approximation to calculate the energy eigenvalue
and wavefunction of the first electron. Then we calculate the charge density using
the equation:
⇢(~r) =
NX
i
|  i(~r) |2 (3.14)
where N is the total number of charge carriers.
We use the charge density in our multigrid Poisson equation solver to calculate
the new e↵ective potential:
r2Veff =  ⇢
✏
(3.15)
Using this new e↵ective potential we repeat the calculations including the first
hole, the second electron, and the second hole until we obtain a self-consistent
set of charge densities and wavefunctions.
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3.6 Material Parameters
The material parameters for CdSe/CdS quantum dots used in this thesis are
taken from the supplementary information of the reference [19]:
Parameter CdSe CdS
Electron E↵ective Mass 0.13 m0 0.21 m0
Hole E↵ective Mass 0.45 m0 0.68 m0
Bandgap Energy 1.75 eV 2.50 eV
Table 3.1: Material parameters for CdSe/CdS quantum dots.
For the CdSe/ZnS Type-I core/shell structure, for electrons, we assigned zero
potential energy inside the CdSe core and used a barrier of 1.05 eV for the ZnS
shell. The ligand barrier for the electrons is 4 eV. For holes, we assigned zero
potential energy inside the CdSe core and used a barrier of 0.95 eV for the ZnS
shell. The ligand barrier for the holes is 10 eV.
For the CdTe/CdSe Type-II core/shell structure, for electrons, we again as-
signed zero potential energy inside the CdSe shell and used a barrier of 0.67 eV
for the CdTe core. The ligand barrier for the electrons is 4 eV. For holes, we used
zero potential energy inside the CdTe core and took a barrier of 0.97 eV for the
CdSe shell. The ligand barrier for the holes is 10 eV.
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Chapter 4
MULTIGRID TECHNIQUE
4.1 Introduction
In 1D, Poisson’s equation can be easily solved by writing Laplacian operator as
a matrix, and since we already have our potential and charge density vectors
as 1D vectors, we can write the system in the form of Ax = b, and solve it
either directly by taking inverse or using iterative methods (Jacobi, Gauss-Seidel,
Successive Over-Relaxation, Multigrid) [41].
In higher dimensions, since we still have a linear operator (Laplacian), we can
still write the problem as a linear algebra problem but this time the matrix A
and b are not self-evident. We need to develop a technique to map n⇥ n⇥ n 3D
arrays of potential and charge density into column vectors.
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Figure 4.1: Multigrid schema after [41].
Matrix representation of the Laplacian operator in 3D has very large dimen-
sions. Using standard techniques it takes a large amount of time to solve this
matrix system. Using the multigrid technique we can solve very large matrix
systems e ciently. In the multigrid technique using the restriction operator we
map the system into a coarser grid which can be seen in Figure 4.1. Then in this
new grid, we recursively call our multigrid procedure. In the coarsest grid, we
solve the problem directly. After we solve the problem in the coarsest grid, we
interpolate the solution back into to the original grid. This operation takes less
time compared to the direct solution of the original problem [41].
In this thesis, we used Kronecker tensor product to create 2D and 3D Lapla-
cian matrices and interpolation/restriction matrices for the multigrid technique.
We created these matrices from their analogous 1D matrices. We obtain the po-
tential and solution vectors using the technique “standard ordering”, which will
be explained later.
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4.2 Kronecker Tensor Product
The Kronecker tensor product of two matrices creates a higher dimensional block
matrix in the following way [42]:
Let A be an m⇥ n matrix and B be a p⇥ q matrix. Their Kronecker tensor
product is an mp⇥ nq matrix given by:
A⌦B =
2664
a11B · · · a1nB
...
. . .
...
am1B · · · amnB
3775 (4.1)
We write the matrix B, by multiplying with elements of A and obtain a large
block matrix.
4.3 Poisson’s Equation in 1D
Poisson’s equation in 1D can be expressed in the matrix form by using the second
order finite di↵erence formula. The result is (for 3 points in 1D):
2664 2  1 0 1 2  1
0  1 2
3775
2664x1x2
x3
3775 =
2664b1b2
b3
3775 (4.2)
In this point of view, we can easily see the averaging property of the Laplacian
operator. Here, b1, b2, b3 are the charge densities divided by the permittivity in
the corresponding points. If we want to add the boundary conditions, we add
the potential at the two boundaries to b1 and b3. Hence, this matrix system fully
represents the original problem.
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4.4 Standard Ordering
Let M be an m⇥m⇥m 3D array in MATLAB, then the command v=M(:) gives
a vector that has formed by applying standard ordering to the array M. In the
graphical representation, the vector v is created in this way:
266666666666666666666666666666666666666666666664
M(1, 1, 1)
M(2, 1, 1)
M(3, 1, 1)
...
...
M(1, 2, 1)
M(2, 2, 1)
...
...
M(1, 3, 1)
M(2, 3, 1)
...
...
...
M(1, 1, 3)
M(2, 1, 3)
...
...
...
M(3, 3, 3)
377777777777777777777777777777777777777777777775
(4.3)
So this vector has exactly m3 elements, created by first iterating the first
index, then the second, and then the third.
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4.5 Poisson’s Equation in 2D and 3D
If we use standard ordering in our vectors, x and b, the corresponding Laplacian
matrices can be easily obtained by the Kronecker tensor product [42].
A2D = A1D ⌦ I1D + I1D ⌦ A1D (4.4)
A3D = A2D ⌦ I2D + I2D ⌦ A2D (4.5)
As expected in 2D we obtain a matrix that averages 4 points neighboring the
middle point. In 3D matrix we have 6 points between the middle point averaged.
So, the problem in 3D is reduced into a sparse linear system solution, which
is very convenient, since we can use all techniques developed for linear algebra,
and even we can solve the matrix system exactly (by spending a lot of time).
Here we used the solution obtained using MATLAB’s sparse matrix solver sub-
routines to find the optimal values for multigrid pre-smoothing/post-smoothing
parameters.
4.6 Multigrid Algorithm
In order to implement the multigrid method, we need two new matrices: re-
striction and interpolation. The restriction matrix takes a vector from a finer
grid and maps it into a vector in a coarser grid. The interpolation grid does
the vice-versa. Since the dimension of linear space changes, the restriction and
interpolation matrices are rectangular.
Writing the restriction and interpolation matrices in 1D are easy. For example,
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for n=7 we can write the restriction matrix as:
R1D =
26641/4 1/2 1/4 0 0 0 00 0 1/4 1/2 1/4 0 0
0 0 0 0 1/4 1/2 1/4
3775 (4.6)
As we can see, R1D takes weighted averages of the neighboring points and
writes them into the coarser grid. The interpolation operator in 1D is just the
transpose of R1D multiplied by 2 (to ensure normalization).
We can obtain the restriction and interpolation matrices for 2D and 3D using
the Kronecker Tensor Product:
R2D = R1D ⌦R1D (4.7)
R3D = R2D ⌦R1D (4.8)
Once we have the restriction and interpolation matrices at hand, we can use
the multigrid algorithm as follows [41]:
1. Make an initial guess for the solution: xh
2. Calculate the residual: rh = bh   Axh
3. Restrict the residual to a coarser grid: r2h = Rrh
4. “Solve” the system A2hE2h = r2h and get a correction term (E2h). Here, A2h
is obtained from the formula: A2h = RAI (It is equivalent to interpolating
a vector, applying A to it, and then restricting it back.) In this step, for
“solving” this new system, we again recursively call our multigrid procedure
to solve it again using the multigrid. In the coarsest level, we solve the
system directly. If we iterate this step more than once, we get W-cycle and
Full Multigrid.
5. Interpolate back the correction term Eh = IE2h and add the interpolated
term to the old approximate solution.
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6. Using the new approximate solution return to step 1. If the residual becomes
“negligible” (in our case ⇠ 10 5), terminate iteration.
In Figures 4.2, 4.3, 4.4, 4.5, 4.6, 4.7 we present some sample results of our
multigrid Poisson solver.
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Figure 4.2: Charge distribution of a single electron in the state (1,1,1) of a quan-
tum dot.
Figure 4.3: Potential of a single electron in the state (1,1,1) of a quantum dot.
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Figure 4.4: Isopotential surface slice of a single electron in the state (1,1,1) of a
quantum dot.
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Figure 4.5: Charge distribution of a single electron in the state (2,1,1) of a quan-
tum dot.
Figure 4.6: Potential of a single electron in the state (2,1,1) of a quantum dot.
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Figure 4.7: Isopotential surface slice of a single electron in the state (2,1,1) of a
quantum dot.
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Chapter 5
RESULTS AND DISCUSSION
5.1 Electron and Hole Wavefunctions and En-
ergies for Type I/Type II Spherical QDs
As observed in Figure 5.2 exciton energy decreases by increasing core radius since
this decreases the quantum confinement e↵ect. The increasing shell thickness
slightly decrease energy for small cores but does not alter the energy very much.
This can be understood when we look at the wavefunction distribution in Figure
5.1. Since both wavefunctions are mostly confined to the core, varying the shell
thickness does not a↵ect the exciton energy much.
We calculated that the wavefunctions of electron and hole can be localized
at di↵erent spatial locations in Type-II heterostructures as seen in Figure 5.3.
Also, by changing the shell thickness, we can confine the electron and hole to
the same spatial location as observed in Figure 5.4. This shows that Type-II
heterostructures give us more control on the charge carrier localizations.
When we consider the PL peak energies of di↵erent Type-II structures, we
observe that both the core and shell size a↵ect the exciton energy since one of
the charge carrier is confined in the core while the other in the shell. This leads
to separated energy curves presented in Figure 5.5. These curves coincide when
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Figure 5.1: Wavefunctions of electron and hole for CdSe/ZnS (Type-I) 1s-state.
the structure is Type I as observed in Figure 5.2.
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Figure 5.2: Exciton energy of CdSe/ZnS (Type-I) with respect to d1 for di↵erent
shell thicknesses.
Figure 5.3: Wavefunctions of electron and hole for CdTe/CdSe (Type-II) 1s-state
with parameters d1 = 22A, d2 = 33A.
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Figure 5.4: Wavefunctions of electron and hole for CdTe/CdSe (Type-II) 1s-state
with parameters d1 = 22A, d2 = 25A.
Figure 5.5: Exciton energy of CdTe/CdSe (Type-II) with respect to d1 for di↵er-
ent shell thicknesses.
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5.2 Oscillator Strength of Excitons Confined in
Type I/Type II Spherical QDs
Oscillator strength is proportional to the interaction strength of the quantum dot
with the external electromagnetic field. It is very important to have a high os-
cillator strength for the applications that utilize spontaneous emission. In cavity
applications, oscillator strength determines the strength of interaction between
the cavity field and the quantum dot [43].
In theoretical calculations, the oscillator strength is proportional to the over-
lap integral of the charge carriers [44]:
f =
Ep
2Eexc
|
Z
d3r e(r) h(r) |2 (5.1)
where Ep is the Kane energy; Eexc is the exciton energy;  e and  h are the
wavefunctions of the electron and hole, respectively.
The oscillator strength of the Type-I heterostructure increases with increasing
core radius for all shell thicknesses as we see in Figure 5.6. However, in the
Type-II heterostructure, when the shell thickness is high, increasing the core
radius decreases the oscillator strength. For small shell thicknesses of Type-
II structure, increasing the core radius increases the oscillator strength. These
di↵erent regimes can be seen in Figure 5.7. This can be explained by the above
discussion that small shell thicknesses cause electron and hole to localize in the
same spatial location like in the Type-I structure. That is why the oscillator
strength behaves as in the Type-I structure for small shell thicknesses of the
Type-II structure.
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Figure 5.6: Oscillator strength of CdSe/ZnS (Type-I) with respect to d1 for dif-
ferent shell thicknesses.
Figure 5.7: Oscillator strength of CdTe/CdSe (Type-II) with respect to d1 for
di↵erent shell thicknesses.
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5.3 Biexciton Binding Energies for Type I/-
Type II Spherical QDs
Since electron and hole energies of the second exciton are higher than the first
exciton, if exciton-exciton interaction is not strong, amplified spontaneous emis-
sion peak (i.e., energy of the second exciton in the biexction) will be blue-shifted
with respect to the spontaneous emission peak (i.e., energy of a single exciton).
Since exciton-exciton interaction is attractive, it decreases the total energy of
the biexciton. Hence, as exciton-exciton interaction gets stronger amount of blue-
shift decreases. When there are very strong exciton-exciton interaction, amplified
spontaneous emission peak may become red-shifted.
In Type-I quantum dots, since excitons and holes confine in the same spa-
tial region, there are very strong exciton-exciton interaction. Hence, ASE peak
become red-shifted due to decrease in the total biexciton energy.
In Type-II quantum dots, excitons and holes may be confined in di↵erent
spatial regions. This causes weak exciton-exciton interaction. Hence, in large
Type-II quantum dots, ASE peak will be blue-shifted. As the quantum dot size
decreases, since electrons and holes get closer, the amount of blue-shift in ASE
peak decreases.
If the core and shell sizes of a quantum dot is tuned appropriately, electrons
and holes might localize very closely. In this situation, ASE peak may become
red-shifted. These kind of quantum dots are called quasi Type-II since they may
exhibit both Type-I-like and Type-II-like quantum dot behaviour.
In this thesis, we calculated for which core and shell sizes quantum dots show
Type-I or Type-II behaviour. This tunability is also confirmed with the experi-
mental results.
In Figure 5.9 we show our simulation results for CdSe/CdS core/shell quantum
dots. Experimentally we verified these results in our group by synthesizing three
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Figure 5.8: Schematics of the quantum dots synthesized.
di↵erent sizes of CdSe/CdS quantum dots. These dots are shown in Figure 5.8.
Sizes of these quantum dots are marked using red-stars in Figure 5.9. These
core/shell sizes are selected such that they give blue-shift, red-shift and no-shift
in their ASE spectra. Their spectra under intense two-photon optical excitation
and spectra obtained from the simulation results are given in Figures 5.10 and
5.11, respectively. Simulation results are in good agreement with the experimental
results.
The calculated electron and hole wavefunctions for the two colloidal quan-
tum dot (CQD) sizes of CQD1 and CQD3 samples exhibiting quasi Type-II and
Type-II behaviors, respectively, are provided in Figures 5.12 and 5.13. The clear
delocalization di↵erence of electrons for these two samples is a very good example
of the Type-tunability feature of CdSe/CdS CQDs.
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Figure 5.9: ASE peak shift with respect to spontaneous emission for di↵erent
core/shell sizes of CdSe/CdS core/shell quantum dots.
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Figure 5.10: Experimental ASE spectra of the quantum dots synthesized.
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Figure 5.11: Simulation results for ASE spectra of the quantum dots synthesized.
Figure 5.12: The calculated wavefunctions of electrons and holes for CQD1.
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Figure 5.13: The calculated wavefunctions of electrons and holes for CQD3.
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Chapter 6
CONCLUSION
In this thesis, we developed quantum mechanical models necessary for simulating
various nanocrystal quantum dot-quantum well heterostructures and solved them
using analytical and numerical techniques. These results are consistent with
experimental findings.
We implemented quantum mechanical simulation techniques to solve the
Schrodinger equation of multi-particle systems self-consistently. In order to solve
the Poisson equations arising from the multi-particle Schrodinger equation, we
used the multigrid technique. Multigrid technique allowed us to solve Poisson
equation very e ciently. This e ciency allowed us to make a large scale para-
metrical study.
We demonstrated the e↵ects of the di↵erent spatial carrier localizations arising
from Type-II heterostructures. In Type-II heterostructures, we observed charge
carrier localization at di↵erent spatial locations. This allows us to tune wavefunc-
tions of electrons and holes by changing size parameters of the core and shell.
We showed that we do not have that much control on the individual wave-
functions in Type-I structures.
Also, we found the core/shell dimensions necessary for the Type-I and Type-
II biexcitonic behaviors of CdSe/CdS nanocrystal quantum dots by numerical
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calculations.
Using quantum mechanical simulations we demonstrated that it is possible
to get attractive or repulsive biexcitonic interaction by changing the core and
shell size in the same material system. We confirmed these results by amplified
spontaneous emission experiments.
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Appendix A
Codes
==> 1 Type I Cor e She l l / energyElec t ron .m <==
function energy=energyElect ron (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
else
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V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 1 Type I Cor e She l l / energyHole .m <==
function energy=energyHole (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
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for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 1 Type I Cor e She l l / energyPlot .m <==
clear ;
d1=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d1 )
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energy ( j , i )=energyElect ron ( d1 ( i ) , d1 ( i )+s h e l l ( j ) )+
energyHole ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) +0.77;
j
end
end
% p l o t
s c a t t e r ( d1 , energy ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
hold on
s c a t t e r ( d1 , energy ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d1 , energy ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d1 , energy ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d1 , energy ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d1 , energy ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 1 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’PL Peak Energy (eV) ’ }) ;
==> 1 Type I Cor e She l l / o s c i l l a t o r .m <==
function s t r ength=o s c i l l a t o r ( dd1 , dd2 )
c l f ;
hold on ;
waveE=o s c i l l a t o r E l e c t r o n (dd1 , dd2 ) ;
waveH=o s c i l l a t o rH o l e (dd1 , dd2 ) ;
wave=abs (waveE) .⇤ abs (waveH) ;
s t r ength=trapz (wave ) ;
==> 1 Type I Cor e She l l / o s c i l l a t o r E l e c t r o n .m <==
function wavefx=o s c i l l a t o r E l e c t r o n (dd1 , dd2 )
% Parameter
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d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
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[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
%p l o t ( x ⇤(0 .5292) , abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
%xl im ( [ 0 80 ] ) ;
%yl im ( [ 0 0 . 1 8 ] ) ;
%t i t l e ( s p r i n t f ( ’ d 1=%d A, d 2=%d A ( Elec t ron CdSe/ZnSe) ’ ,
dd1 , dd2 ) ) ;
%x l a b e l ( ’ r (Angstrom) ’) ;
%s e t ( gca , ’ YTick ’ , z e ro s (1 ,0) ) ;
==> 1 Type I Cor e She l l / o s c i l l a t o rH o l e .m <==
function wavefx=o s c i l l a t o rH o l e (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
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h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
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% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
%p l o t ( x ⇤(0 .5292) , abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
%xl im ( [ 0 80 ] ) ;
%yl im ( [ 0 0 . 1 8 ] ) ;
%t i t l e ( s p r i n t f ( ’ d 1=%d A, d 2=%d A (Hole CdSe/ZnSe) ’ , dd1 ,
dd2 ) ) ;
%x l a b e l ( ’ r (Angstrom) ’) ;
%s e t ( gca , ’ YTick ’ , z e ro s (1 ,0) ) ;
==> 1 Type I Cor e She l l / o s c i l l a t o r P l o t .m <==
clear ;
d1=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d1 )
o s c i l l a t o r s ( j , i )=o s c i l l a t o r ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) ;
j
end
end
% p l o t
c l f ;
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hold on ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 1 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ O s c i l l a t o r Strength ’ }) ;
==> 1 Type I Cor e She l l / p l o tE l e c t r on .m <==
function p l o tE l e c t r on (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
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else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
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xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A ( Elect ron CdSe/ZnS) ’ , dd1
, dd2 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 1 Type I Cor e She l l / p lotHo le .m <==
function plotHo le (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
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V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A (Hole CdSe/ZnS) ’ , dd1 , dd2
) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
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set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 1 Type I Cor e She l l /plotWave .m <==
function plotWave (dd1 , dd2 )
subplot ( 2 , 1 , 1 ) ;
p l o tE l e c t r on (dd1 , dd2 ) ;
subplot ( 2 , 1 , 2 ) ;
p lo tHo le (dd1 , dd2 ) ;
==> 2 Type I I Co r e She l l / energyElect ron .m <==
function energy=energyElect ron (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
e l s e i f x ( i )<d2
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
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V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 2 Type I I Co r e She l l / energyHole .m <==
function energy=energyHole (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
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else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 2 Type I I Co r e She l l / energyPlot .m <==
clear ;
d1=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d1 )
energy ( j , i )=energyElect ron ( d1 ( i ) , d1 ( i )+s h e l l ( j ) )+
energyHole ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) +0.77;
j
end
end
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% p l o t
s c a t t e r ( d1 , energy ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
hold on
s c a t t e r ( d1 , energy ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d1 , energy ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d1 , energy ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d1 , energy ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d1 , energy ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 1 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’PL Peak Energy (eV) ’ }) ;
==> 2 Type I I Co r e She l l / o s c i l l a t o r .m <==
function s t r ength=o s c i l l a t o r ( dd1 , dd2 )
c l f ;
hold on ;
waveE=o s c i l l a t o r E l e c t r o n (dd1 , dd2 ) ;
waveH=o s c i l l a t o rH o l e (dd1 , dd2 ) ;
wave=abs (waveE) .⇤ abs (waveH) ;
s t r ength=trapz (wave ) ;
==> 2 Type I I Co r e She l l / o s c i l l a t o r E l e c t r o n .m <==
function wavefx=o s c i l l a t o r E l e c t r o n (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
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h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
e l s e i f x ( i )<d2
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
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A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
%p l o t ( x ⇤(0 .5292) , abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
%xl im ( [ 0 80 ] ) ;
%yl im ( [ 0 0 . 2 4 ] ) ;
%t i t l e ( s p r i n t f ( ’ d 1=%d A, d 2=%d A ( Elec t ron CdSe/ZnSe) ’ ,
dd1 , dd2 ) ) ;
%x l a b e l ( ’ r (Angstrom) ’) ;
%s e t ( gca , ’ YTick ’ , z e ro s (1 ,0) ) ;
==> 2 Type I I Co r e She l l / o s c i l l a t o rH o l e .m <==
function wavefx=o s c i l l a t o rH o l e (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
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i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
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%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
%p l o t ( x ⇤(0 .5292) , abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
%xl im ( [ 0 80 ] ) ;
%yl im ( [ 0 0 . 2 4 ] ) ;
%t i t l e ( s p r i n t f ( ’ d 1=%d A, d 2=%d A (Hole CdSe/ZnSe) ’ , dd1 ,
dd2 ) ) ;
%x l a b e l ( ’ r (Angstrom) ’) ;
%s e t ( gca , ’ YTick ’ , z e ro s (1 ,0) ) ;
==> 2 Type I I Co r e She l l / o s c i l l a t o r P l o t .m <==
clear ;
d1=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d1 )
o s c i l l a t o r s ( j , i )=o s c i l l a t o r ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) ;
j
end
end
% p l o t
c l f ;
hold on ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
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s c a t t e r ( d1 , o s c i l l a t o r s ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 1 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ O s c i l l a t o r Strength ’ }) ;
==> 2 Type I I Co r e She l l / p l o tE l e c t r on .m <==
function p l o tE l e c t r on (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
e l s e i f x ( i )<d2
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
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V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 2 4 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A ( Elect ron CdTe/CdSe) ’ ,
dd1 , dd2 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
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set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 2 Type I I Co r e She l l / p lotHo le .m <==
function plotHo le (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
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A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 2 4 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A (Hole CdTe/CdSe) ’ , dd1 ,
dd2 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 2 Type I I Co r e She l l /plotWave .m <==
function plotWave (dd1 , dd2 )
subplot ( 2 , 1 , 1 ) ;
p l o tE l e c t r on (dd1 , dd2 ) ;
subplot ( 2 , 1 , 2 ) ;
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plotHo le (dd1 , dd2 ) ;
==> 3 Type I Co r e Sh e l l Sh e l l / energyElect ron .m <==
function energy=energyElect ron (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
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%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 3 Type I Co r e Sh e l l Sh e l l / energyHole .m <==
function energy=energyHole (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
e l s e i f x ( i )<d3
V( i )=0;
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else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 3 Type I Co r e Sh e l l Sh e l l / energyPlot .m <==
clear ;
d1=10;
d2=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d2 )
energy ( j , i )=energyElect ron (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) )+
energyHole (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) ) +0.77;
j
end
end
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% p l o t
s c a t t e r ( d2 , energy ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
hold on
s c a t t e r ( d2 , energy ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d2 , energy ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d2 , energy ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d2 , energy ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d2 , energy ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
t i t l e ( ’ d1=10 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 2 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’PL Peak Energy (eV) ’ }) ;
==> 3 Type I Co r e Sh e l l Sh e l l / o s c i l l a t o r .m <==
function s t r ength=o s c i l l a t o r ( dd1 , dd2 , dd3 )
c l f ;
hold on ;
waveE=o s c i l l a t o r E l e c t r o n (dd1 , dd2 , dd3 ) ;
waveH=o s c i l l a t o rH o l e (dd1 , dd2 , dd3 ) ;
wave=abs (waveE) .⇤ abs (waveH) ;
s t r ength=trapz (wave ) ;
==> 3 Type I Co r e Sh e l l Sh e l l / o s c i l l a t o r E l e c t r o n .m <==
function wavefx=o s c i l l a t o r E l e c t r o n (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
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% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
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% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 3 Type I Co r e Sh e l l Sh e l l / o s c i l l a t o rH o l e .m <==
function wavefx=o s c i l l a t o rH o l e (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
e l s e i f x ( i )<d3
V( i )=0;
else
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V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 3 Type I Co r e Sh e l l Sh e l l / o s c i l l a t o r P l o t .m <==
clear ;
d1=10;
d2=20:50;
s h e l l =7:12;
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for j =1: length ( s h e l l )
for i =1: length ( d2 )
o s c i l l a t o r s ( j , i )=o s c i l l a t o r (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) ) ;
j
end
end
% p l o t
c l f ;
hold on ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
t i t l e ( ’ d1=10 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 2 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ O s c i l l a t o r Strength ’ }) ;
==> 3 Type I Co r e Sh e l l Sh e l l / p l o tE l e c t r on .m <==
function p l o tE l e c t r on (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
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h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
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wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A, d 3=%d A ( Elect ron CdSe
/ZnS/CdSe) ’ , dd1 , dd2 , dd3 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 3 Type I Co r e Sh e l l Sh e l l / p lotHo le .m <==
function plotHo le (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
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n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
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A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A, d 3=%d A (Hole CdSe/ZnS
/CdSe) ’ , dd1 , dd2 , dd3 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 3 Type I Co r e Sh e l l Sh e l l /plotWave .m <==
function plotWave (dd1 , dd2 , dd3 )
subplot ( 2 , 1 , 1 ) ;
p l o tE l e c t r on (dd1 , dd2 , dd3 ) ;
subplot ( 2 , 1 , 2 ) ;
p lo tHo le (dd1 , dd2 , dd3 ) ;
==> 4 Typ e I I Co r e Sh e l l S h e l l / energyElect ron .m <==
function energy=energyElect ron (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
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h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
e l s e i f x ( i )<d2
V( i )=0;
e l s e i f x ( i )<d3
V( i ) =0.67;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 4 Typ e I I Co r e Sh e l l S h e l l / energyHole .m <==
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function energy=energyHole (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
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A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 4 Typ e I I Co r e Sh e l l S h e l l / energyPlot .m <==
clear ;
d1=10;
d2=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d2 )
energy ( j , i )=energyElect ron (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) )+
energyHole (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) ) +0.77;
j
end
end
% p l o t
s c a t t e r ( d2 , energy ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
hold on
s c a t t e r ( d2 , energy ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d2 , energy ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d2 , energy ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d2 , energy ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d2 , energy ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
t i t l e ( ’ d1=10 A ’ ) ;
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% Create x l a b e l
xlabel ({ ’ d 2 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’PL Peak Energy (eV) ’ }) ;
==> 4 Typ e I I Co r e Sh e l l S h e l l / o s c i l l a t o r .m <==
function s t r ength=o s c i l l a t o r ( dd1 , dd2 , dd3 )
c l f ;
hold on ;
waveE=o s c i l l a t o r E l e c t r o n (dd1 , dd2 , dd3 ) ;
waveH=o s c i l l a t o rH o l e (dd1 , dd2 , dd3 ) ;
wave=abs (waveE) .⇤ abs (waveH) ;
s t r ength=trapz (wave ) ;
==> 4 Typ e I I Co r e Sh e l l S h e l l / o s c i l l a t o r E l e c t r o n .m <==
function wavefx=o s c i l l a t o r E l e c t r o n (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
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e l s e i f x ( i )<d2
V( i )=0;
e l s e i f x ( i )<d3
V( i ) =0.67;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 4 Typ e I I Co r e Sh e l l S h e l l / o s c i l l a t o rH o l e .m <==
function wavefx=o s c i l l a t o rH o l e (dd1 , dd2 , dd3 )
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% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
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A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 4 Typ e I I Co r e Sh e l l S h e l l / o s c i l l a t o r P l o t .m <==
clear ;
d1=10;
d2=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d2 )
o s c i l l a t o r s ( j , i )=o s c i l l a t o r (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) ) ;
j
end
end
% p l o t
c l f ;
hold on ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
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s c a t t e r ( d2 , o s c i l l a t o r s ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
t i t l e ( ’ d1=10 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 2 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ O s c i l l a t o r Strength ’ }) ;
==> 4 Typ e I I Co r e Sh e l l S h e l l / p l o tE l e c t r on .m <==
function p l o tE l e c t r on (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
e l s e i f x ( i )<d2
V( i )=0;
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e l s e i f x ( i )<d3
V( i ) =0.67;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
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% Plot
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A, d 3=%d A ( Elect ron CdTe
/CdSe/CdTe) ’ , dd1 , dd2 , dd3 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 4 Typ e I I Co r e Sh e l l S h e l l / p lotHo le .m <==
function plotHo le (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
e l s e i f x ( i )<d3
V( i )=0;
else
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V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
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xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A, d 3=%d A (Hole CdTe/
CdSe/CdTe) ’ , dd1 , dd2 , dd3 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 4 Typ e I I Co r e Sh e l l S h e l l /plotWave .m <==
function plotWave (dd1 , dd2 , dd3 )
subplot ( 2 , 1 , 1 ) ;
p l o tE l e c t r on (dd1 , dd2 , dd3 ) ;
subplot ( 2 , 1 , 2 ) ;
p lo tHo le (dd1 , dd2 , dd3 ) ;
==> 5 Three Mater i a l / energyElect ron .m <==
function energy=energyElect ron (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=2;
e l s e i f x ( i )<d2
V( i )=1;
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e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 5 Three Mater i a l / energyHole .m <==
function energy=energyHole (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
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x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i )=1;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 5 Three Mater i a l / energyPlot .m <==
clear ;
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d1=10;
d2=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d2 )
energy ( j , i )=energyElect ron (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) )+
energyHole (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) ) +0.77;
j
end
end
% p l o t
s c a t t e r ( d2 , energy ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
hold on
s c a t t e r ( d2 , energy ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d2 , energy ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d2 , energy ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d2 , energy ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d2 , energy ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
t i t l e ( ’ d1=10 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 2 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’PL Peak Energy (eV) ’ }) ;
==> 5 Three Mater i a l / energyPlotNew .m <==
clear ;
t =5:35; % core t h i c kn e s s
s =5:20; % f i r s t s h e l l t h i c kn e s s
for i =1: length ( s )
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energy ( i , : )=array fun (@(x ) energyHole (x , x+s ( i ) , x+s ( i )
+20) , t )+array fun (@(x ) energyElect ron (x , x+s ( i ) , x+s (
i )+20) , t ) ;
i
end
c l f ;
hold a l l ;
for i =1: length ( s )
plot ( t , energy ( i , : ) ) ;
end
==> 5 Three Mater i a l / o s c i l l a t o r .m <==
function s t r ength=o s c i l l a t o r ( dd1 , dd2 , dd3 )
c l f ;
hold on ;
waveE=o s c i l l a t o r E l e c t r o n (dd1 , dd2 , dd3 ) ;
waveH=o s c i l l a t o rH o l e ( dd1 , dd2 , dd3 ) ;
wave=abs (waveE) .⇤ abs (waveH) ;
s t r ength=trapz (wave ) ;
==> 5 Three Mater i a l / o s c i l l a t o r E l e c t r o n .m <==
function wavefx=o s c i l l a t o r E l e c t r o n (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
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n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=2;
e l s e i f x ( i )<d2
V( i )=1;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
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A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 5 Three Mater i a l / o s c i l l a t o rH o l e .m <==
function wavefx=o s c i l l a t o rH o l e (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i )=1;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
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V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 5 Three Mater i a l / o s c i l l a t o r P l o t .m <==
clear ;
d1=10;
d2=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d2 )
o s c i l l a t o r s ( j , i )=o s c i l l a t o r (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) ) ;
j
end
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end
% p l o t
c l f ;
hold on ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
t i t l e ( ’ d1=10 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 2 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ O s c i l l a t o r Strength ’ }) ;
==> 5 Three Mater i a l / o s c i l l a t o rP l o tNew .m <==
clear ;
t =5:35; % core t h i c kn e s s
s =5:20; % f i r s t s h e l l t h i c kn e s s
for i =1: length ( s )
osc ( i , : )=array fun (@(x ) o s c i l l a t o r (x , x+s ( i ) , x+s ( i )+20) ,
t ) ;
end
c l f ;
hold a l l ;
for i =1: length ( s )
plot ( t , osc ( i , : ) ) ;
end
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==> 5 Three Mater i a l / p l o tE l e c t r on .m <==
function p l o tE l e c t r on (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=2;
e l s e i f x ( i )<d2
V( i )=1;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
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hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A, d 3=%d A ( Elect ron ) ’ ,
dd1 , dd2 , dd3 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 5 Three Mater i a l / p lotHo le .m <==
function plotHo le (dd1 , dd2 , dd3 )
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% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i )=1;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
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A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A, d 3=%d A (Hole ) ’ , dd1 ,
dd2 , dd3 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 5 Three Mater i a l /plotWave .m <==
function plotWave (dd1 , dd2 , dd3 )
subplot ( 2 , 1 , 1 ) ;
p l o tE l e c t r on (dd1 , dd2 , dd3 ) ;
subplot ( 2 , 1 , 2 ) ;
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plotHo le (dd1 , dd2 , dd3 ) ;
==> 6 Angular Momentum/ energyElec t ron .m <==
function energy=energyElect ron (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
e l s e i f x ( i )<d2
V( i )=0;
e l s e i f x ( i )<d3
V( i ) =0.67;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
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%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 6 Angular Momentum/ energyHole .m <==
function energy=energyHole (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
e l s e i f x ( i )<d3
V( i )=0;
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else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
==> 6 Angular Momentum/ energyPlot .m <==
clear ;
d1=10;
d2=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d2 )
energy ( j , i )=energyElect ron (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) )+
energyHole (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) ) +0.77;
j
end
end
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% p l o t
s c a t t e r ( d2 , energy ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
hold on
s c a t t e r ( d2 , energy ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d2 , energy ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d2 , energy ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d2 , energy ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d2 , energy ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
t i t l e ( ’ d1=10 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 2 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’PL Peak Energy (eV) ’ }) ;
==> 6 Angular Momentum/ o s c i l l a t o r .m <==
function s t r ength=o s c i l l a t o r ( dd1 , dd2 , dd3 )
c l f ;
hold on ;
waveE=o s c i l l a t o r E l e c t r o n (dd1 , dd2 , dd3 ) ;
waveH=o s c i l l a t o rH o l e (dd1 , dd2 , dd3 ) ;
wave=abs (waveE) .⇤ abs (waveH) ;
s t r ength=trapz (wave ) ;
==> 6 Angular Momentum/ o s c i l l a t o r E l e c t r o n .m <==
function wavefx=o s c i l l a t o r E l e c t r o n (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
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% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
e l s e i f x ( i )<d2
V( i )=0;
e l s e i f x ( i )<d3
V( i ) =0.67;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
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% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 6 Angular Momentum/ o s c i l l a t o rH o l e .m <==
function wavefx=o s c i l l a t o rH o l e (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
e l s e i f x ( i )<d3
V( i )=0;
else
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V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 6 Angular Momentum/ o s c i l l a t o r P l o t .m <==
clear ;
d1=10;
d2=20:50;
s h e l l =7:12;
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for j =1: length ( s h e l l )
for i =1: length ( d2 )
o s c i l l a t o r s ( j , i )=o s c i l l a t o r (d1 , d2 ( i ) , d2 ( i )+s h e l l ( j ) ) ;
j
end
end
% p l o t
c l f ;
hold on ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d2 , o s c i l l a t o r s ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
t i t l e ( ’ d1=10 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 2 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ O s c i l l a t o r Strength ’ }) ;
==> 6 Angular Momentum/ p l o tE l e c t r on .m <==
function p l o tE l e c t r on (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
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h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.67;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=3;
end
end
for i =1:n
V( i )=V( i )+10/(x ( i )⇤x ( i ) ) ;
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
% A1D = spd iag s ( ones (n , 1 ) ⇤ [1  2 1] , 1:1 ,n , n) ; % 1d
Laplac ian matrix
% H=  (A1D./ (2⇤0 .12 ) ) ./ hˆ2 + sparse ( d iag (V) ) ;
%
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% [U,E] = e i g s (H,5 , ’ sm ’ ) ; % c a l c u l a t e 5 sma l l e s t
e i g en va l u e s / e i g en v e c t o r s
%
% % Take wave funct ion
% wavefx=U( : , 5 ) ;
%
% % In t e g r a t e
% A=trapz ( wavefx .⇤ wavefx ) ;
%
% % Normalize
% wavefx=wavefx . / (A) ;
%
% %wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
%
% % Plo t
% p l o t ( x ⇤(0 .5292) , abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
%
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 2 ] ) ;
% t i t l e ( s p r i n t f ( ’ d 1=%d A, d 2=%d A, d 3=%d A ( Elec t ron
CdTe/CdSe/CdTe) ’ , dd1 , dd2 , dd3 ) ) ;
% x l a b e l ( ’ r (Angstrom ) ’) ;
% s e t ( gca , ’ YTick ’ , z e ro s (1 ,0) ) ;
==> 6 Angular Momentum/ plotHo le .m <==
function plotHo le (dd1 , dd2 , dd3 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
d3=dd3 /(0 . 5292 ) ;
% Problem domain
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l a s t =(dd1+dd2+dd3+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
e l s e i f x ( i )<d3
V( i )=0;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
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% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A, d 3=%d A (Hole CdTe/
CdSe/CdTe) ’ , dd1 , dd2 , dd3 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 6 Angular Momentum/plotWave .m <==
function plotWave (dd1 , dd2 , dd3 )
subplot ( 2 , 1 , 1 ) ;
p l o tE l e c t r on (dd1 , dd2 , dd3 ) ;
subplot ( 2 , 1 , 2 ) ;
p lo tHo le (dd1 , dd2 , dd3 ) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / energyElect ron .m <==
function [ energy wavefx ]= energyElec t ron (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
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% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
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% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / energyHole .m <==
function [ energy wavefx ]= energyHole (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
else
V( i )=10;
end
end
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% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / energyMult iexc .m <==
function energy=energyMult iexc (wE,wH)
wave=abs (wE) .⇤ abs (wH) ;
s t r ength=trapz (wave ) ;
energy=0.3⇤ s t r ength ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / energyPlot .m <==
clear ;
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d1=20:50;
s h e l l =40;
for j =1: length ( s h e l l )
for i =1: length ( d1 )
[ eE wE]= energyElect ron ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) ;
[ eH wH]=energyHole ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) ;
energy ( j , i )=eE+eH+0.77;
energyM( j , i )=eE+eH energyMult iexc (wE,wH) +0.77;
energyMult iexc (wE,wH)
j
end
end
% p l o t
s c a t t e r ( d1 , energy ( 1 , : ) , ’ DisplayName ’ , ’ S i ng l e Exciton ’ ) ;
hold a l l
s c a t t e r ( d1 , energyM ( 1 , : ) , ’ DisplayName ’ , ’ B i exc i ton ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 1 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ PEnergy (eV) ’ }) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / o s c i l l a t o r .m <==
function s t r ength=o s c i l l a t o r ( dd1 , dd2 )
c l f ;
hold on ;
waveE=o s c i l l a t o r E l e c t r o n (dd1 , dd2 ) ;
waveH=o s c i l l a t o rH o l e (dd1 , dd2 ) ;
wave=abs (waveE) .⇤ abs (waveH) ;
123
s t r ength=trapz (wave ) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / o s c i l l a t o r E l e c t r o n .m
<==
function wavefx=o s c i l l a t o r E l e c t r o n (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
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%hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
%p l o t ( x ⇤(0 .5292) , abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
%xl im ( [ 0 80 ] ) ;
%yl im ( [ 0 0 . 1 8 ] ) ;
%t i t l e ( s p r i n t f ( ’ d 1=%d A, d 2=%d A ( Elec t ron CdSe/ZnSe) ’ ,
dd1 , dd2 ) ) ;
%x l a b e l ( ’ r (Angstrom) ’) ;
%s e t ( gca , ’ YTick ’ , z e ro s (1 ,0) ) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / o s c i l l a t o rH o l e .m <==
function wavefx=o s c i l l a t o rH o l e (dd1 , dd2 )
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% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
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[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
%p l o t ( x ⇤(0 .5292) , abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
%xl im ( [ 0 80 ] ) ;
%yl im ( [ 0 0 . 1 8 ] ) ;
%t i t l e ( s p r i n t f ( ’ d 1=%d A, d 2=%d A (Hole CdSe/ZnSe) ’ , dd1 ,
dd2 ) ) ;
%x l a b e l ( ’ r (Angstrom) ’) ;
%s e t ( gca , ’ YTick ’ , z e ro s (1 ,0) ) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / o s c i l l a t o r P l o t .m <==
clear ;
d1=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d1 )
o s c i l l a t o r s ( j , i )=o s c i l l a t o r ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) ;
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jend
end
% p l o t
c l f ;
hold on ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 1 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ O s c i l l a t o r Strength ’ }) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / p l o tE l e c t r on .m <==
function p l o tE l e c t r on (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
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V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
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%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A ( Elect ron CdSe/ZnS) ’ , dd1
, dd2 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on / p lotHole .m <==
function plotHo le (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
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else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
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xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A (Hole CdSe/ZnS) ’ , dd1 , dd2
) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 7 Type I Co r e She l l Mu l t i e x c i t on /plotWave .m <==
function plotWave (dd1 , dd2 )
subplot ( 2 , 1 , 1 ) ;
p l o tE l e c t r on (dd1 , dd2 ) ;
subplot ( 2 , 1 , 2 ) ;
p lo tHo le (dd1 , dd2 ) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / energyElect ron .m <==
function [ energy wavefx ]= energyElec t ron (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
e l s e i f x ( i )<d2
V( i )=0;
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else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
energy=E(5 , 5 ) ⇤27 . 2116 ;
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / energyHole .m <==
function [ energy wavefx ]= energyHole (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
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d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
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energy=E(5 , 5 ) ⇤27 . 2116 ;
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / energyMult iexc .m <==
function energy=energyMult iexc (wE,wH)
wave=abs (wE) .⇤ abs (wH) ;
s t r ength=trapz (wave ) ;
energy=0.3⇤ s t r ength ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / energyPlot .m <==
clear ;
d1=20:50;
s h e l l =30;
for j =1: length ( s h e l l )
for i =1: length ( d1 )
[ eE wE]= energyElect ron ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) ;
[ eH wH]=energyHole ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) ;
energy ( j , i )=eE+eH+0.77;
energyM( j , i )=eE+eH energyMult iexc (wE,wH) +0.77;
energyMult iexc (wE,wH)
j
end
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end
% p l o t
s c a t t e r ( d1 , energy ( 1 , : ) , ’ DisplayName ’ , ’ S i ng l e Exciton ’ ) ;
hold a l l
s c a t t e r ( d1 , energyM ( 1 , : ) , ’ DisplayName ’ , ’ B i exc i ton ’ ) ;
% Create x l a b e l
xlabel ({ ’ d 1 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ PEnergy (eV) ’ }) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / o s c i l l a t o r .m <==
function s t r ength=o s c i l l a t o r ( dd1 , dd2 )
c l f ;
hold on ;
waveE=o s c i l l a t o r E l e c t r o n (dd1 , dd2 ) ;
waveH=o s c i l l a t o rH o l e (dd1 , dd2 ) ;
wave=abs (waveE) .⇤ abs (waveH) ;
s t r ength=trapz (wave ) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / o s c i l l a t o r E l e c t r o n .m
<==
function wavefx=o s c i l l a t o r E l e c t r o n (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
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x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =1.05;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 2 0 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
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% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
%p l o t ( x ⇤(0 .5292) , abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
%xl im ( [ 0 80 ] ) ;
%yl im ( [ 0 0 . 1 8 ] ) ;
%t i t l e ( s p r i n t f ( ’ d 1=%d A, d 2=%d A ( Elec t ron CdSe/ZnSe) ’ ,
dd1 , dd2 ) ) ;
%x l a b e l ( ’ r (Angstrom) ’) ;
%s e t ( gca , ’ YTick ’ , z e ro s (1 ,0) ) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / o s c i l l a t o rH o l e .m <==
function wavefx=o s c i l l a t o rH o l e (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
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V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.95;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
%p l o t ( x ⇤(0 .5292) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
%ho ld on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 4 7 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
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% Plot
%p l o t ( x ⇤(0 .5292) , abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
%xl im ( [ 0 80 ] ) ;
%yl im ( [ 0 0 . 1 8 ] ) ;
%t i t l e ( s p r i n t f ( ’ d 1=%d A, d 2=%d A (Hole CdSe/ZnSe) ’ , dd1 ,
dd2 ) ) ;
%x l a b e l ( ’ r (Angstrom) ’) ;
%s e t ( gca , ’ YTick ’ , z e ro s (1 ,0) ) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / o s c i l l a t o r P l o t .m <==
clear ;
d1=20:50;
s h e l l =7:12;
for j =1: length ( s h e l l )
for i =1: length ( d1 )
o s c i l l a t o r s ( j , i )=o s c i l l a t o r ( d1 ( i ) , d1 ( i )+s h e l l ( j ) ) ;
j
end
end
% p l o t
c l f ;
hold on ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 1 , : ) , ’ DisplayName ’ , ’ 7 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 2 , : ) , ’ DisplayName ’ , ’ 8 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 3 , : ) , ’ DisplayName ’ , ’ 9 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 4 , : ) , ’ DisplayName ’ , ’ 10 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 5 , : ) , ’ DisplayName ’ , ’ 11 A ’ ) ;
s c a t t e r ( d1 , o s c i l l a t o r s ( 6 , : ) , ’ DisplayName ’ , ’ 12 A ’ ) ;
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% Create x l a b e l
xlabel ({ ’ d 1 (Angstrom ) ’ }) ;
% Create y l a b e l
ylabel ({ ’ O s c i l l a t o r Strength ’ }) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / p l o tE l e c t r on .m <==
function p l o tE l e c t r on (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i ) =0.67;
e l s e i f x ( i )<d2
V( i )=0;
else
V( i )=4;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
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% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
H=  (A1D. / ( 2⇤ 0 . 1 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ red ’ , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A ( Elect ron CdSe/ZnS) ’ , dd1
, dd2 ) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on / p lotHo le .m <==
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function plotHo le (dd1 , dd2 )
% Parameter
d1=dd1 /(0 . 5292 ) ;
d2=dd2 /(0 . 5292 ) ;
% Problem domain
l a s t =(dd1+dd2+100) / (0 . 5292 ) ;
h=0.08; % d i s c r e t i z a t i o n
x=h : h : l a s t ; % coord ina te v ec t o r
n=length ( x ) ; % number o f d i s c r e t e po in t s
V=zeros (n , 1 ) ;
for i =1:n
i f x ( i )<d1
V( i )=0;
e l s e i f x ( i )<d2
V( i ) =0.97;
else
V( i )=10;
end
end
% Convert from eV to atomic un i t s
V=V. / 2 7 . 2 1 1 6 ;
% Plot p o t e n t i a l
plot ( x ⇤ ( 0 . 5292 ) ,V, ’ b lack ’ , ’ LineWidth ’ , 2 ) ;
hold on ;
A1D = spdiags ( ones (n , 1 ) ⇤ [ 1  2 1 ] , 1 :1 ,n , n ) ; % 1d
Laplac ian matrix
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H=  (A1D. / ( 2⇤ 0 . 3 2 ) ) . / hˆ2 + sparse (diag (V) ) ;
[U,E] = e i g s (H, 5 , ’sm ’ ) ; % ca l c u l a t e 5 sma l l e s t e i g enva l u e s
/ e i g en v e c t o r s
% Take wave funct ion
wavefx=U( : , 5 ) ;
% In t e g r a t e
A=trapz ( wavefx .⇤ wavefx ) ;
% Normalize
wavefx=wavefx . / (A) ;
%wavefx=wavefx . / ( x ( : ) .⇤ (0 . 5292 ) ) ; % conver t to r a d i a l
wave funct ion by d i v i d i n g coord ina te
% Plo t
plot ( x ⇤ ( 0 . 5292 ) ,abs ( wavefx ) , ’ LineWidth ’ , 2 ) ; % p l o t
xlim ( [ 0 8 0 ] ) ;
yl im ( [ 0 0 . 1 8 ] ) ;
t i t l e ( sprintf ( ’ d 1=%d A, d 2=%d A (Hole CdSe/ZnS) ’ , dd1 , dd2
) ) ;
xlabel ( ’ r (Angstrom ) ’ ) ;
set (gca , ’ YTick ’ , zeros ( 1 , 0 ) ) ;
==> 8 Type I I Co r e She l l Mu l t i e x c i t on /plotWave .m <==
function plotWave (dd1 , dd2 )
subplot ( 2 , 1 , 1 ) ;
p l o tE l e c t r on (dd1 , dd2 ) ;
subplot ( 2 , 1 , 2 ) ;
p lo tHo le (dd1 , dd2 ) ;
==> GSforMG .m <==
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function xG=GSforMG(A, b ,xG, i t e r a t i o n )
n=ce i l ( ( length (b) ) ˆ(1/3) ) ;
% Gauss Se i d e l
D=spdiags (diag (A) ,0 , nˆ3 ,nˆ3) ;
L=sparse ( t r i l (A) )   D;
U=sparse ( triu (A) )   D;
M=D+L ;
N= U;
for i =1: i t e r a t i o n
xG=M\(N⇤xG) + M\b ;
end
end
==> boundary QB111 .m <==
r = linspace ( 2 ,2 ,65) ;
[ x , y , z ] = meshgrid ( r , r , r ) ;
R 111 = zeros (65 ,65 ,65 ) ;
for i = 1 :65
for j = 1 :65
for k = 1:65
i f abs ( x ( i , j , k ) ) <= 1 && abs ( y ( i , j , k ) ) <= 1 &&
abs ( z ( i , j , k ) ) <= 1
R 111 ( i , j , k ) = ( (1/2 ) ˆ(3/2) ⇤cos (pi⇤x ( i , j , k
) /2)⇤cos (pi⇤y ( i , j , k ) /2)⇤cos (pi⇤z ( i , j , k )
/2) ) ˆ2 ;
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else
R 111 ( i , j , k ) = 0 ;
end
end
end
end
s l i ce (x , y , z , R 111 , 0 , 0 , 0 )
==> boundary QB211 .m <==
r = linspace ( 2 ,2 ,65) ;
[ x , y , z ] = meshgrid ( r , r , r ) ;
R 211 = zeros (65 ,65 ,65 ) ;
for i = 1 :65
for j = 1 :65
for k = 1:65
i f abs ( x ( i , j , k ) ) <= 1 && abs ( y ( i , j , k ) ) <= 1 &&
abs ( z ( i , j , k ) ) <= 1
R 211 ( i , j , k ) = ( (1/2 ) ˆ(3/2) ⇤ sin (2⇤pi⇤x ( i , j
, k ) /2)⇤cos (pi⇤y ( i , j , k ) /2)⇤cos (pi⇤z ( i , j ,
k ) /2) ) ˆ2 ;
else
R 211 ( i , j , k ) = 0 ;
end
end
end
end
s l i ce (x , y , z , R 211 , 0 , 0 , 0 )
==> boundary QB221 .m <==
r = linspace ( 2 ,2 ,65) ;
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[ x , y , z ] = meshgrid ( r , r , r ) ;
R 211 = zeros (65 ,65 ,65 ) ;
for i = 1 :65
for j = 1 :65
for k = 1:65
i f abs ( x ( i , j , k ) ) <= 1 && abs ( y ( i , j , k ) ) <= 1 &&
abs ( z ( i , j , k ) ) <= 1
R 221 ( i , j , k ) = ( (1/2 ) ˆ(3/2) ⇤ sin (2⇤pi⇤x ( i , j
, k ) /2)⇤ sin (2⇤pi⇤y ( i , j , k ) /2)⇤cos (pi⇤z ( i ,
j , k ) /2) ) ˆ2 ;
else
R 221 ( i , j , k ) = 0 ;
end
end
end
end
s l i ce (x , y , z , R 221 , 0 , 0 , 0 )
==> createA .m <==
function A3D=createA (n)
A1D = spdiags ( ones (n , 1 ) ⇤[ 1 2  1] , 1:1 ,n , n ) ; % 1d
Laplac ian matrix
I1D = speye ( s ize (A1D) ) ; % 1d
i d e n t i t y matrix
A2D = kron (A1D, I1D )+kron ( I1D ,A1D) ; % 2d
Laplac ian matrix
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I2D = speye ( s ize (A2D) ) ; % 2d
i d e n t i t y matrix
A3D = kron (A2D, I1D )+kron ( I2D ,A1D) ; % 3d
Laplac ian matrix
end
==> createAwithEps i lon .m <==
function A=createAwithEps i lon ( )
A=createA (65) ;
counter=1;
E new=zeros (65 ,65 ,65 ) ;
% Write e p s i l o n va l u e s
r = linspace ( 2 ,2 ,65) ;
[ x , y , z ] = meshgrid ( r , r , r ) ;
for i = 1 :65
for j = 1 :65
for k = 1:65
i f abs ( x ( i , j , k ) ) <= 1 && abs ( y ( i , j , k ) ) <= 1 &&
abs ( z ( i , j , k ) ) <= 1
E new( i , j , k ) = 2 ;
else
E new( i , j , k ) = 50 ;
end
end
end
end
clear x , clear y , clear z ;
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% Update matrix A row by row
for z=1:65
for y=1:65
for x=1:65
i f x˜=1 && y˜=1 && z˜=1 && x˜=65 && y˜=65 && z
˜=65
x p lu s = 2/(1+E new(x , y , z ) /E new(x+1,y , z ) )
;
x minus = 2/(1+E new(x , y , z ) /E new(x 1,y , z )
) ;
y p lu s = 2/(1+E new(x , y , z ) /E new(x , y+1,z ) )
;
y minus = 2/(1+E new(x , y , z ) /E new(x , y 1,z )
) ;
z p l u s = 2/(1+E new(x , y , z ) /E new(x , y , z+1) )
;
z minus = 2/(1+E new(x , y , z ) /E new(x , y , z 1)
) ;
sum=(x p lu s + x minus + y p lu s + y minus +
z p l u s + z minus ) ;
i f sum ˜= 6
disp ( [ ’ c o r r e c t i o n ’ num2str( x ) num2str(
y ) num2str( z ) ] ) ;
testM=zeros (65 ,65 ,65 ) ;
testM (x , y , z )=(x p lu s + x minus +
y p lu s + y minus + z p l u s + z minus
) ;
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testM (x 1,y , z )= x minus ;
testM (x , y 1,z )= y minus ;
testM (x , y , z 1)= z minus ;
testM (x+1,y , z )= x p lu s ;
testM (x , y+1,z )= y p lu s ;
testM (x , y , z+1)= z p l u s ;
testRow=sparse ( testM ( : ) ’ ) ;
% Replace the corresponding row o f A
A( counter , : )=testRow ;
end
end
counter=counter+1;
end
end
end
end
==> solve GS .m <==
function xG=solve GS (A, b ,xG)
xExact=A\b ;
n=ce i l ( ( length (b) ) ˆ(1/3) ) ;
% Gauss Se i d e l
t ic ;
D=spdiags (diag (A) ,0 , nˆ3 ,nˆ3) ;
L=sparse ( t r i l (A) )   D;
U=sparse ( triu (A) )   D;
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M=D+L ;
N= U;
%i n i t i a l guess
i f nargin<3
xG=zeros (nˆ3 ,1) ;
end
for i =1:10000
xG=M\(N⇤xG) + M\b ;
i f norm( xExact   xG) < 1e 5
break ;
end
end
toc ;
disp ( [ ’ i t e r a t i o n : ’ num2str( i ) ] ) ;
end
==> s o l v e Jakob i .m <==
function xJ=so l v e Jakob i (A, b)
xExact=A\b ;
n=ce i l ( ( length (b) ) ˆ(1/3) ) ;
% Jakobi
t ic ;
D=spdiags (diag (A) ,0 , nˆ3 ,nˆ3) ;
L=sparse ( t r i l (A) )   D;
U=sparse ( triu (A) )   D;
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M=D;
N= (L+U) ;
xJ=zeros (nˆ3 ,1) ;
for i =1:10000
xJ=M\(N⇤xJ ) + M\b ;
i f norm( xExact   xJ ) < 1e 5
break ;
end
end
toc ;
disp ( [ ’ i t e r a t i o n : ’ num2str( i ) ] ) ;
end
==> solve MG .m <==
function x=solve MG (A, b , x )
n=round ( ( length (b) ) ˆ(1/3) )
i f n<4
% I f the l e v e l i s too coarse , s o l v e e x a c t l y
x=A\b ;
else
% Create Re s t r i c t i o n and I n t e r p o l a t i o n ma t r i c i e s
R1D=sparse ( zeros ( f loor ( ( n 1)/2) ,n ) ) ;
j =1;
for i =1:(n 1)/2
R1D( i , j )=1;
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R1D( i , j +1)=2;
R1D( i , j +2)=1;
j=j +2;
end
R1D=R1D/4 ;
R2D=kron (R1D,R1D) ;
IN1D=R1D’ ⇤ 2 ;
IN2D=kron (IN1D , IN1D) ;
R3D=kron (R2D,R1D) ;
IN3D=kron (IN2D , IN1D) ;
% Done !
% i n i t i a l guess
i f nargin<3
x=zeros (nˆ3 ,1) ;
end
% Presmoothing
x=GSforMG(A, b , x , 500 ) ;
r e s=b A⇤x ;
% Res t r i c t r e s i d u a l
resDown=R3D⇤ r e s ;
ADown=R3D⇤A⇤IN3D ;
% i n i t i a l guess f o r error
errDown=resDown ⇤0 ;
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% Solve new system
for k=1:2
errDown=solve MG (ADown, resDown , errDown ) ;
end
%errDown=ADown\resDown ;
% In t e r p o l a t e back the error
errUp=IN3D⇤errDown ;
% Correct ion
x=x+errUp ;
% Postsmoothing
x=GSforMG(A, b , x , 500 ) ;
end
==> solve SOR .m <==
function xS=solve SOR (A, b)
xExact=A\b ;
n=ce i l ( ( length (b) ) ˆ(1/3) ) ;
% SOR
t ic ;
D=spdiags (diag (A) ,0 , nˆ3 ,nˆ3) ;
L=sparse ( t r i l (A) )   D;
U=sparse ( triu (A) )   D;
M=D+L ;
N= U;
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xS=zeros (nˆ3 ,1) ;
for i =1:10000
xS=xS + ( 1 . 5 ) ⇤( (M\(N⇤xS ) ) + (M\b)   xS ) ;
i f norm( xExact   xS ) < 1e 3
break ;
end
end
toc ;
disp ( [ ’ i t e r a t i o n : ’ num2str( i ) ] ) ;
end
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